Aims: To evaluate the effects of condensed tannins (CTs) fractions of differing molecular weights (MWs) from a Leucaena leucocephala hybrid-Rendang on the rumen protozoal community in vitro. Methods and Results: The effects of unfractionated CTs (F0) and CT fractions of different MWs (F1 > F2 > F3 > F4 > F5) on protozoal population and community were evaluated in vitro using rumen microbes and ground guinea grass as the substrate. Higher-MW CT fractions F1 and F2 significantly (P < 0Á05) decrease the number of ciliate protozoa. The real-time PCR analysis showed that the total protozoa was significantly (P < 0Á05) lower in F0 and all CTs with fractions F1 and F2 having the lowest value. High-throughput sequencing of the partial 18S rRNA gene showed that the genus Entodinium significantly (P < 0Á05) decreased with increasing MWs of CT, whereas Anoplodinium-Diplodinium were significantly (P < 0Á05) increased. Inclusion of the highest MW CT fraction F1 decreased the relative abundance of the minor genera such as Eudiplodinium and Polyplastron compared to the control and CT fractions F2-F5. Conclusion: CTs of differing MWs could reduce and alter the rumen protozoa population in vitro. This effect was more pronounced for higher-MW CTs. Significance and Impact of the Study: The high MW CTs should be considered as a feed supplement in the ruminant diet to reduce the protozoal population which are known to be associated with methanogens as a means to mitigate methane production in the rumen.
Introduction
Rumen protozoa are involved in the degradation and metabolism of ingested plant materials in ruminants and produce hydrogen (H 2 ) as a by-product of fermentation. Approximately 9-25% of the rumen protozoa are in close association with methanogenic archaea which utilized the H 2 to reduce carbon dioxide (CO 2 ) Various studies have been conducted to mitigate enteric CH 4 production by using a wide range of plant bioactive compounds such as saponins, tannins and monensin (Waghorn et al. 2002) . Condensed tannins (CTs) function by reducing the number of protozoa and by a direct toxic effect on methanogens, resulting in less CH 4 formation in ruminants (Cieslak et al. 2013) . However, the effects of CTs on rumen protozoal population were rather inconsistent. Makkar et al. (1995) reported that CTs from quebracho (0Á1-0Á4 mg ml À1 ) significantly reduced the rumen total protozoa, entodiniomorphs and holotrichs in vitro. On the contrary, an increase in total protozoa was observed in the rumen of sheep fed lucernhay-based diets with the addition of CTs from Acacia cyanophylla at 45 g CT kg À1 of DM (Salem et al. 1997) .
Later, Tan et al. (2011) showed that pure unfractionated CTs at a concentration of 30 mg g À1 DM from Leucaena leucocephala hybrid-Rendang (LLR) could reduce CH 4 production in vitro, concomitant with a decrease in the populations of methanogenic archaea and protozoa with no detrimental effect on rumen fermentation. The inconsistencies on the effects of CTs on protozoal population arise because of variability in the source, levels, types of CTs used as well as experimental designs. CTs are polyphenolic compounds, made up of flavan-3-ols (catechins) and/or flavan-3,4-diol (epigallocatechins) with various degrees of polymerization and varying molecular weights (MWs) (Aerts et al. 1999) . Biochemical properties of CTs such as chemical structures and MWs could play important role in mitigating CH 4 production through altering rumen microbial communities and/or nutrient metabolism (Patra and Saxena 2009) . The possible range of CH 4 mitigation by CTs is broad (from 2 to 58%) probably due the nature of CTs which comprises of complex mixtures of individual compounds having MW ranging from 300 to 20 000 Da (Aerts et al. 1999) . Although standardization of CTs for biological activity studies had been conducted, but the method was generally based on spectrophotometric technique with FolinCiocalteu reagent, where results were expressed as gallic acid equivalents. This method was not specific for standardization of CTs and more specific analytical approaches have to be established such as high performance liquid chromatography to separate the CTs and MW determination by gas chromatography mass spectrometer (GCMS) as suggested by Cieslak et al. (2013) .
Accordingly, we had fractionated a mixture of pure CTs (unfractionated CTs, F0) of LLR by using the size exclusion chromatography and the MW of each fraction was determined by GCMS (Saminathan et al. 2014) . Totally, five fractions with known MWs were obtained (F1 = 1265Á8 Da, F2 = 1028Á6 Da, F3 = 652Á2 Da, F4 = 562Á2 Da and F5 = 469Á6 Da). Consequently, we observed that all the CT fractions (F1-F5) of LLR (at the concentration of 30 mg g À1 DM) were able to reduce both CH 4 production and the total populations of methanogens and the impact was more pronounced for the CT fractions with higher MWs (Saminathan et al. 2015 (Saminathan et al. , 2016a . The reduction in the total populations of methanogens and CH 4 production, should theoretically be congruent with a reduction in protozoal population bearing in mind the close symbiotic association between the two microbial populations. Hence, in the present study we reported on the use of pure CTs of different MWs on the populations and overall diversity of bovine rumen protozoa in vitro using real-time PCR and Illumina MiSeq sequencing approaches.
Materials and methods

Fractionation of CTs from LLR
Unfractionated pure CTs F0 were extracted from the freeze-dried young shoots and leaves of LLR using the method of Terrill et al. (1992) . Five different fractions of the pure CTs were obtained by size exclusion chromatography as described by Saminathan et al. (2014) . The CT fractions were freeze-dried and stored at À4°C in the dark prior to further use.
In vitro fermentation by rumen microbes
Two mature rumen-fistulated male Kedah-Kelantan (Bos indicus) cattle, weighing~230 kg, were used as donors of rumen digesta. The cattle were fed twice a day with a mixture of Panicum maximum (guinea grass) and concentrates (ratio approximately 6 : 4 w/w) at 2Á5% of body weight per day. Rumen fluid samples were collected from both cattle before feeding and strained through eight layers of cheesecloth. The sampled rumen fluid was then used for fermentation according to the in vitro gas production method that was previously described by Menke and Steingass (1988) with modifications by Makkar et al. (1995) . All animal procedures were approved by the Universiti Putra Malaysia's Animal Care and Use Committee (UPM/FPV/PS/3.2.1.551/AUP-R32). The strained rumen fluid was mixed with buffer solution (consisting of carbonate buffer, macro-mineral and micro-mineral solution) at 39°C. Then, 40 ml of the rumen fluid-buffer mixture in 100 ml glass syringes (H€ aberle Labortechnik, Lonsee-Ettlenschieß, Germany) were incubated anaerobically at 39°C with 500 g oven dried guinea grass (ground through a 1Á0 mm pore size sieve) with either 15 mg of unfractionated CTs F0 or CT fractions for 24 h. Each sample was replicated thrice, and the test was repeated three times.
Enumeration of rumen protozoa by cell counts
After 24 h of incubation in the in vitro gas production test, 1Á0 ml of the incubated rumen fluid-buffer mixture in the syringes was sampled to enumerate the rumen protozoa by cells count. Each sample was mixed immediately with methyl green-formalin-saline solution at a 1 : 1 ratio and stored at 25°C for 24 h as described by Kamra et al. (1991) . The number of ciliate protozoa was counted under a microscope at 100 times magnification ratio by using a 0Á1 mm B€ urker cell counting chamber (Wenk LabTee, Taylor Wharton, Husum, Germany) and expressed as cells per ml.
Isolation of genomic DNA
Microbial genomic DNA was extracted from 300 ll of each triplicate samples from the three separate gas production tests by using a QIAamp DNA Stool kit (Qiagen Gmbh, Hilden, Germany) according to the method described in the manufacturer's protocol. The concentration and quality of genomic DNA was determined by using NanoDrop ND-1000 spectrophotometer (NanoDrop Techn., Wilmington, DE) and agarose gel electrophoresis, respectively. DNA was stored at À20°C until further analysis with real-time PCR and Illumina MiSeq.
Real time PCR assays
Rumen ciliate protozoal-specific primers, P.SSU-54f and P.SSU-1747r were used to amplify the 18S rRNA gene of the protozoa (Sylvester et al. 2004) . The PCR reactions, cloning, and sequencing were carried out according to the method described by Tan et al. (2011) . The sequences were checked for chimeras using the Mallard program (Ashelford et al. 2005) and assembled in BioEdit sequence alignment editor (Hall 1999) . The protozoa DNA sequences were then compared with the sequences available in the GenBank database using the Basic Local Alignment Search Tool (BLAST) to identify sequence homology (Altschul et al. 1997) .
The plasmid concentrations of the identified cloned sequences were quantified using a NanoDrop ND-1000 spectrophotometer (NanoDrop Techn.). The 18S rRNA gene copy numbers of ciliate protozoa were calculated using MW and mass concentration. A 10-fold dilutions (10 2 -10 7 copies per ll) of plasmid were performed to generate the standard curve. In the real-time quantitative PCR, the plasmid copy numbers were plotted against the PCR cycle number at which the fluorescence light above the Ct (cycles to threshold) value. The PCR amplification efficiency (E s ) was determined from the standard curve using the following equation (Klein et al. 1999) :
The total number of protozoa was analysed by quantitative real-time PCR using a pair of primer sets-316F (5 0 -GCTTTCGWTGGTAGTGTATT-3 0 ) and 539R(5 0 -CTT GCCCTCYAATCGTWCT-3 0 ) targeting the 18S rRNA gene of protozoa (Yu et al. 2005; Zhou et al. 2009 ). The real-time PCR amplification were carried out by using a SensiFAST SYBR No-ROX one step kit (Bioline Ltd, London, UK) using Bio-Rad CFX 96 Real-Time System, with a C1000 Thermal Cycler (Bio-Rad Laboratories Inc., Hercules, CA, USA) as described elsewhere (Chen et al. 2008) . The real-time PCR data were analysed using BioRad CFX manager ver. 2.0.
Amplification of the 18S rRNA and Illumina MiSeq sequencing
Amplification of the partial 18S rRNA gene (approximately 511-bp) was carried out using the modified protozoa-specific primer set RP841F: 5 0 -GACTAGGGATT GGAGTGG-3 0 (Kittelmann and Janssen 2011) and Reg1302R: 5 0 -AATTGCAAAGATCTATCCC-3 0 (Regensbogenova et al. 2004) with an attached Illumina adapter (Table S1 ). These custom synthesized primers are complementary to Illumina forward, reverse and multiplex sequencing primers (with the reverse primer containing a 6-base barcode allowing for multiplexing).
The PCR amplification was performed using the SureCycler 8800 Thermal Cycler (Agilent Technologies Inc., Santa Clara, CA, USA) as follows: initial denaturation at 95°C for 5 min; followed by 30 cycles of denaturation at 98°C for 20 s, annealing at 54°C for 20 s, and extension at 65°C for 1 min; and a final 7 min extension at 65°C. All PCR amplifications were carried out for triplicate DNA samples and amplifications were completed thrice using the Kapa HiFi HotStart ReadyMix DNA Polymerase (KapaBiosystems, Woburn, MA) as directed in the manufacturer's instructions. The PCR reaction volume (25 ll) contained 3 ll DNA template, 0Á75 ll each primer (0Á75 lmol l À1 ), 12Á5 ll 29 Kapa HiFi HotStart ReadyMix (contains 2Á5 mmol l À1 Mg 2+ at 19), and 8 ll Milli-Q water. After amplification, the PCR products of about 630 bp (partial 18S rRNA region~511 bp with Illumina primer adapters~120 bp) were verified by agarose gel electrophoresis and recovered using a QIAquick gel extraction kit (Qiagen, Valencia, CA). For each library, triplicate PCR products per treatment group from three independent PCR amplifications that were representative of each of the unique indexes were pooled in equimolar concentrations and quantified on a Quantus Fluorometer (Promega, Madison, WI). The resulting library was sequenced by using the Illumina MiSeq sequencer (2 9 300 bp paired-end reads) placed at the Monash University Malaysia. After sequencing, the raw sequence reads were subjected to base calling, error estimation and image analysis using the Illumina Analysis Pipeline, ver. 2.6.
Bioinformatics analysis
The raw paired-end reads were de-multiplexed on the MiSeq and subsequently overlapped using PandaSeq (Masella et al. 2012) . Reads with an average quality score <20 over a 10 bp sliding window were removed. The filtered overlapped reads were analysed using the QIIME (Quantitative Insights Into Microbial Ecology) ver. 1.7.0 software pipeline (Caporaso et al. 2010) . The raw reads were quality filtered and assigned to corresponding rumen sample using the split_library.py script. Assembled sequences then were subjected to quality control using the following norm: the minimum sequence length was 400 nt; the maximum sequence length was 500 nt; the minimum quality score for a single nucleotide was 25; the number of mismatches in the primer was 0; the maximum length of homopolymer run was 6 (default parameter); the maximum number of errors in the barcode was 0; and ambiguous characters were excluded in the analysis. Sequences were clustered into operational taxonomic units (OTUs) at a ≥97% sequence identity cut-off using the standard UCLUST for eventual taxonomy assignment (Edgar 2010) . Potential chimeric OTUs were removed from the analysis using Chimera Slayer with standard options as implemented in QIIME (Haas et al. 2011) . The most abundant sequence of each OTU was picked as representative sequence using the prefix-suffix method (QIIME team, unpublished) passing the option '-p 1000'. For the taxonomic assignment, sequences data were then blasted against rumen protozoa specific in-house database (available from Kittelmann et al. (2013) upon request) using the QIIME BLAST algorithm with a bootstrap of 80%. Each sequence was normalized to contain five taxonomic levels, ranging from the phylum to the genus level.
Rarefaction curves and Good's (1953) coverage were determined to estimate the sampling effort and coverage, respectively. The a-diversity indices, including Shannon (diversity), Chao1 (richness) and the observed OTUs, were calculated using the QIIME pipeline (Caporaso et al. 2010) . For a similarity measurement between the protozoal communities in the samples, a cladogram was created using the Bray-Curtis similarity index, and visualized using the FigTree software (FigTree Graphical Viewer of Phylogenetic Trees). Principal coordinate analysis (PCoA) plots based on unweighted distance matrices (UniFrac and Bray-Curtis) were generated using the R statistical software (http://www.r-project.org/). All Illumina MiSeq sequences generated in this study were deposited in the NCBI Sequence Read Archive (SRA) database under accession number SRP056990.
Phylogenetic analysis
The rumen protozoal sequences were further analysed using their representative OTU sequences with available near-complete 18S rRNA gene sequences of cultured protozoa (as of 5 April 2016) which were downloaded from the Silva database (Quast et al. 2013) . All reference sequences as well as selected OTU sequences identified from NGS were aligned and trimmed using MAFFT-linsi and TrimAl (-gappyout setting), respectively (CapellaGuti errez et al. 2009; Katoh and Standley 2013) . Maximum likelihood phylogenetic analysis was subsequently conducted using IqTree (-m TESTNEW) with 1000 ultrafast bootstraps. The tree was visualized and edited using TreeGraph2 (St€ over and M€ uller 2010) .
Statistical analysis
The total protozoa populations data obtained from both cells count and real-time PCR, and the a-diversity indices were analysed by GLM-general factorial ANOVA procedure of SPSS ver. 16.0 (SPSS 1999). Treatment mean differences were determined by Duncan's procedure and statistical differences among treatments were considered at P < 0Á05. The relative abundance of the protozoal populations was analysed statistically using the program STAMP (Parks et al. 2014) .
Results
Quantification of rumen protozoa populations
The effects of unfractionated CTs F0 and CT fractions of different MWs (F1-F5) on total rumen ciliate protozoa and total protozoa populations, quantified using microbiological method and real-time PCR, respectively, are shown in Table 1 . Based on microbiological enumeration, CT fractions F1 and F2 significantly (P < 0Á05) decreased the total ciliate protozoa number compared to the control (without CTs), unfractionated CTs F0, and CT fractions F3, F4 and F5. Data from real-time PCR quantification of total protozoa were expressed as 18S rRNA gene copies per ml. The protozoal 18S rRNA gene copy numbers were significantly (P < 0Á05) lower in unfractionated CTs F0 and CT fractions F1-F5 compared to the control. Fraction F1, which had the highest MW, caused the highest decrease in protozoal 18S rRNA gene copies per ml (37Á0%), followed by F2, unfractionated CTs F0, F3, F4 and F5, with decreases of 35Á7, 27Á8, 17Á2, 11Á0 and 5Á29%, respectively, compared to the control.
Analysis of Illumina MiSeq sequencing data
A total of 253 142 high-quality 18S rRNA gene sequences with a mean of 36 163 sequences per sample were derived for protozoal diversity analysis, after culling~2Á8% of the non-18S rRNA gene sequence reads ( Table 2 ). The calculated rarefaction curves for protozoal 18S rRNA gene libraries at 3% dissimilarity (Fig. 1) , reached the plateau phase, indicating that the entire protozoal microbial phylotypes was well-covered. The number of observed OTUs, Good's coverage, and species richness and diversity (as determined by the Shannon-Wiener and Chao 1 indices) are shown in Table 2 . Good's coverage showed that sequence reads from each sample represented the majority of protozoal 18S rRNA sequences, with values ranging from 98Á0 to 99Á6%. The key a-diversity indices showed that Shannon-Wiener index (a metric for community diversity) was significantly (P < 0Á05) lower with the inclusion of fraction F1, compared to the inclusions of the control, unfractionated CTs F0 and CT fractions F2-F5. The Chao 1 values showed that the protozoal richness was significantly (P < 0Á05) lower in unfractionated CTs F0 and CT fractions F1-F3 (with F1 showing the lowest value) than in the control.
Protozoal communities and comparison between treatments
A total number of eight OTUs (at least 0Á1% of relative abundances) defined at a 97% sequence identity threshold, was subjected to BLAST analysis to determine the closest taxonomic relative. Taxonomic characterization of protozoan communities at genus-level revealed that the sequence reads obtained from the rumen fluid, regardless of treatment, was dominated by the genus Entodinium, followed by the genera Anoplodinium-Diplodinium, Eudiplodinium, Epidinium, Polyplastron, Metadinium, Enoploplastron and unclassified Ophryoscolecidae (Table 3) . In response to the treatments, a significant (P < 0Á05) decrease in the number of Entodinium was observed with the inclusion of CT fraction F1, followed by F2, unfractionated CTs F0 and F3, revealing decreases of 10Á45, 9Á23, 7Á65 and 7Á50% in relative abundances, respectively, compared to that of the control (Table 3) . A significant (P < 0Á05) increase in the number of the second-most predominant genus, Anoplodinium-Diplodinium was observed in fractions F1-F4 and unfractionated CTs F0 compared to the control. The increase in the relative abundance of Anoplodinium-Diplodinium was the highest in fraction F1 (approximately a 10Á64% increase in relative abundance), followed by F2 (9Á08%), unfractionated CTs F0 (7Á87%), F3 (7Á46%) and F4 (2Á36%). The relative abundance of the minor genera Eudiplodinium and Polyplastron were significantly (P < 0Á05) decreased with the inclusion of fraction F1, but not in other CT fractions F2-F5 or the unfractionated CTs F0, compared to that of the control. Inclusion of the CT fractions F1, F4 and F5 significantly (P < 0Á05) decreased the relative abundance of the genus Metadinium compared to the control.
Phylogenetic placement of representative OTUs sequences
Phylogenetic analysis of the Illumina sequences of the protozoal 18S rRNA gene based on representative OTU sequences (OTUs relative abundance >1Á0%) are shown in Fig. 2 . The maximum likelihood tree inferred using the near-complete 18S rRNA gene supports the monophyletic affiliation of the OTUs obtained in this study to four genera Diplodinium, Entodinium, Polyplastron and Epidinium, all of which belong to the family Ophryoscolecidae. The highest representation of OTUs identified in this study resides in the Entodinium clade (N = 9), with four individual OTUs forming sister relationships with distinct species of Entodinium and six ) and F5 = fraction 5( )] examined at a 0Á03 distance level. The operational taxonomic units (OTUs) were defined by the average neighbour algorithm with 3% dissimilarity using QIIME. [Colour figure can be viewed at wileyonlinelibrary.com] OTUs forming a monophyletic group that is a sister group to the species Entodinium nanellum (bp = 99%).
Clustering differences in protozoal communities
Hierarchical clustering of defined OTUs at 97% identity using the Bray-Curtis similarity index based on the unweighted UniFrac method is shown in Fig. 3 . Six distinct groups were identified among the seven samples based on a 96% protozoal community relationship. The cluster analysis showed that the rumen protozoal communities in fractions F1 and F2 samples felling into individual clades that were distinctly separated from each other, and from those clades of the other samples. In addition, the unfractionated CTs F0 and fraction F3 groups formed a cluster, as well as fractions F4, F5 and control formed another cluster in the hierarchical tree; each cluster was distinct from one another. The PCoA plot (Fig. 4) confirmed relationships found among the samples sequence reads by the unweighted distance metric analysis. The PCoA results demonstrated that the protozoal community composition differed clearly among the seven samples, as also shown in the Bray-Curtis analysis (Fig. 3) . The protozoal communities observed in the samples treated with the higher-MW CT fractions (F1 and F2) were distinctly separated from those of control, unfractionated CTs F0, and lower-MW CT fractions (F3, F4 and F5) by axis1 and axis2 (Fig. 4) .
Discussion
Different MWs of CT may affect rumen microbial diversity, mainly on methanogenic archaea and protozoa, which are associated with methanogenesis activity in ruminants Saminathan et al. 2015) . However, the changes in the ruminal protozoal diversity and community composition that might occur due to the differences in CT MWs are not clearly understood. On the other hand, our previous studies have shown that CT fractions of different MWs from LLR could alter the population and diversity of rumen methanogenic archaea and bacteria, with the impact being more pronounced for the CT fractions with higher-MWs (Saminathan et al. 2016a, b) . In view of the symbiotic relationship between the rumen methanogens and protozoa, a reduction of methanogens in the presence of unfractionated CTs F0 and CT fractions would be parallel to the reduction in protozoal population. As shown in the present study, the total ciliate protozoa measured by cell counts were reduced by the higher-MW CT fractions (i.e., fractions F1 and F2). Accordingly, enumeration of the total protozoa by realtime PCR assay also showed a decrease in the protozoal populations associated with increasing MWs of CT fractions (Table 1) . In an earlier study, Tan et al. (2011) reported that the inclusion of pure unfractionated CT extracts from LLR at different concentrations (0-30 mg 500 mg À1 DM) caused a linear decrease (P < 0Á01) in the total protozoal population in vitro.
In the high-throughput sequencing analysis, the ruminal protozoal communities' structure was determined by clustering the PCR-generated sequences of the partial 18S rRNA genes, which were amplified using the protozoalspecific primer set RP841F and Reg1302R. Kittelmann and Janssen (2011) utilized the PCR-DGGE and clone library methods and reported that the combination of these two protozoal-specific primers allowed the detection of entire diversity of targeted groups of protozoa (phylogenetic coverage), although no unspecific products were detected. In this study, the high-throughput sequencing of the similar 18S rRNA gene region (approximately 511 bp) confirmed the high specificity of these primer pairs and importantly provided single base resolution of the diversity and structure of the protozoal community in the rumen samples with satisfactory accuracy to the genus level. However, it is worth noting that a substantial number of OTUs were only identified to the family or order level, thus underscoring the lack of a comprehensive protozoal 18S rRNA database.
In the present study, the Miseq sequencing allowed the identification of numerous protozoal genera, part of them being unclassified in the rumen content (Table 3) . These typical bovine rumen protozoal genera were also discovered by Kittelmann et al. (2013) in the rumen fluid of cows fed with a variety of natural feeds, through amplification of 18S rRNA genes using a pyrosequencing approach. The predominance of Entodinium (Table 3) in the present study was in accordance with previous findings that showed Entodinium was the major ruminal genus, representing up to 81% of total protozoa of rumen content (Shin et al. 2004) . Earlier, Karnati et al. (2003) who constructed clone libraries from the rumen fluid of cattle fed with a mixed forage-grain diet, reported 11 genera, of which seven were similar to those in the treatment library used in this study. However, Tan et al. (2013) had discovered nine genera of protozoal populations assessed through the 18S rRNA gene libraries from cattle rumen fluid treated with and without CTs from LLR, four of which were from the genera Ostracodinium, Dasytricha, Eremoplastron and Isotricha, which were not determined in the current study. Whereas, Shin et al. (2004) found clone sequences related to only Entodinium and Epidinium in the rumen contents of Korean cows (Hanwoo). Differences in the protozoal populations observed are inevitable as feeds and breeds of animals affect population dynamics as well as effects of samplings and analytical procedures.
CTs may exert growth-stimulatory or inhibitory effects on several ruminal protozoal species depending on their chemical properties such as molecular structure and MWs. In this study, the predominant genus Entodinium (with the majority of OTUs being closely related to Entodinium spp.) decreased (P < 0Á05) with increasing MWs of CT fractions (Table 3 ; Fig. 5 ). This indicates that Entodinium sp. were the most sensitive species, as their populations were highly reduced in the presence of all CT fractions. Entodinium sp. are the sole member of the Otype ciliate community that show a symbiotic relationship with CH 4 -producing methanogenic archaea and play important role in CH 4 production in the rumen (Sharp et al. 1998 ). In our previous study (Saminathan et al. 2015) , we found that CT fractions of different MWs from LLR reduced CH 4 production, and the reduction was more pronounced with higher MW CT fractions (fraction F1 and F2). Consequently, these results suggest that the reduction of methanogenesis which was associated with higher-MW CT fractions could also be due to the decrease in the Entodinium population. The reduction in growth of Entodinium sp. by higher-MW CTs would reduce H 2 production, affecting methanogenesis. In the present study, significant decreases in the minor genera Eudiplodinium, Metadinium and Polyplastron populations, which represent A-or B-type ciliate communities, were also observed with the inclusion of the highest MW CT fraction F1. The growth inhibition of these microorganisms could mitigate at least some of the CH 4 production by decreasing the interspecies H 2 transfer from the protozoa to methanogens. However, the decrease in the genus Polyplastron, which clustered with Polyplastron multivesiculatum (Fig. 2) , may not be as relevant in mitigating CH 4 production, as it is recognized as a low-CH 4 emitting species that is heavily colonized by intracellular bacteria but only associates with a few methanogens (Irbis and Ushida 2004) .
The quantitative methods used to evaluate the a-diversity (species diversity and richness) of protozoal communities showed that the inclusion of higher-MW CT fractions (fractions F1 and F2) had significantly lower Chao1 and Shannon indices than those of lower-MWs. These data suggested that the higher-MW CTs may reduce protozoal diversity and richness. The a-diversity results confirmed that there was a significant impact of CT fractions with different MWs on the rumen protozoal communities. This is further supported by the PCoA plot (Fig. 4) , demonstrating that the composition of the ruminal protozoal communities clearly differed between the treatments, and it revealed that the higher-MW CT fractions were distinguishable from the lower-MW CT fractions.
CTs-containing forages and the extracts of CTs have shown an inhibitory effect on the rumen protozoal populations both in vitro and in vivo studies (Reddy et al. 2007; Tan et al. 2011; Cieslak et al. 2012) . The mechanisms of inhibition of the rumen protozoa by CTs are not well understood. However, it has been suggested that the anti-protozoal activities of CTs could be through direct binding of CTs to the sterol of cell membrane of protozoa which may change the membrane permeability; and hence altering nutrients flow resulting in either inhibition of cell growth or cell reproduction (Patra and Saxena 2009; Supreena and Peangkoum 2011) . The phenolic hydroxyl groups in the CTs are the main contributing key factor to the effectiveness of CTs to exhibit antinutritional and anti-microbial properties (De Bruyne et al. 1999) . As CTs with higher MWs contain higher number of hydroxyl groups, these fractions would produce a greater adverse effect on the affected protozoal populations. The hydroxyl groups of CTs could also interact with feed proteins by forming CT-protein complexes, which reduce substrates digestibility and exoenzyme activities, and thus leading to reduction in microbial growth and subsequent cell death (Smith et al. 2007) . Earlier, we reported that higher-MW fractions of CTs from LLR possessed higher protein-binding affinities than lower-MW fractions (Saminathan et al. 2014) . We also observed that higher-MW CT fractions significantly (P < 0Á05) decreased nitrogen disappearance in rumen fermentation in vitro by forming insoluble CT-protein complexes (Saminathan et al. 2015) which could reduce degradation and hence ammonia concentration to fall below the level needed for maximum growth of Entodinium sp. In that study, Saminathan et al. (2015) also reported the lack of significant effects of the same CTs and CT fractions from LLR on other rumen parameters such as pH, volatile fatty acids (VFA) and DM digestibility. Similarly, Cieslak et al. (2014) found that tannin from Vaccinium vitis idaea reduced rumen CH 4 and ammonia concentrations with concomitant decrease in protozoa and methnogen counts without negative effects on in vitro DM digestibility, VFA and pH.
In the symbiotic (cross-feeding) relationship between methanogenic archaea and protozoa, the archaea utilize the H 2 produced by protozoa during fermentation (Vogels et al. 1980) . Thus, a decrease in methanogens populations due to the inclusion of CTs, particularly with higher-MW CT fractions (Saminathan et al. 2016a) , could lead to the accumulation of H 2 , which is detrimental to protozoal metabolism. Hence, a concomitant decrease of rumen methanogens, which was found in our previous study (Saminathan et al. 2016a ) and rumen protozoa (particularly Entodinium) with increasing MWs of CTs (present study), would be beneficial in sustaining low CH 4 concentration.
The effects of experimental conditions such as substrates and additives added to the fermentation culture would affect the microbial populations and metabolic responses. Various studies on the effects of additives such as fatty acids and oils have been conducted. As such, it was reported by Cieslak et al. (2009) that cultures of Entodinium caudatum and Diploplastron affine (isolated from the rumen of sheep) and their associated bacterial populations had different metabolic responses to the tested form and concentration of supplemented linoleic acid. In another study, Kisidayova et al. (2006) reported that different types of oils caused different effects on rumen ciliates. The authors observed that the total ciliate population consisting of Entodinium sp., Dasytricha ruminantium, Eremoplastron bilobum, Diploplastron affine, P. multivesiculatum and Isotricha sp. decreased (P < 0Á05 and P < 0Á01, respectively) in the group supplemented with borage oil, whereas the population of Polyplastron increased (P < 0Á01). Contrasting effect was also observed, where the populations of Dasytricha, Eremoplastron, and Isotricha sp. decreased (P < 0Á01) in the group with evening primrose oil, supplement, but the population of Entodinium sp. increased (P < 0Á05).
The different effects of supplements on protozoal population were also observed in the present study. The Entodinium sp. were adversely affected by all CTs fractions, whereas, Anoplodinium-Diplodinium showed enhanced growth in the presence of higher-MW CT fractions (fractions F1, F2 and F3) . In congruent to the present observation, McSweeny et al. (2001) also reported that several rumen protozoa were more resistant towards the effect of tannin compared to other microbes. However, the mode of action in the ability of some protozoal species to overcome the inhibitory effects of CTs on cell growth remained unknown (Patra and Saxena 2011) . On the other hand, a number of mechanisms in tannindegrading bacteria had been proposed including modification of the cell membrane, secretion of a protective exo-polysaccharide layer around the cells, and degradation/modification of tannins (Odenyo and Osuji 1998; Smith et al. 2005) . Hence, an understanding on the metabolic activities of the larger protozoal species in the presence of supplements like CTs would provide an explanation on their ability to tolerate tannins. Although there was an increase of Anoplodium-Diplodinium with increasing MWs of CT, our previous study (Saminathan et al. 2015) , using the same CT fractions from LLR, showed a significant decrease in CH 4 production, thus indicating that Anoplodium-Diplodinium, the second most abundant protozoal genus, may not be directly involve with methanogenic archaea (Kittelmann et al. 2016 ).
In conclusion, this in vitro study showed the promising effects of higher-MW CTs from LLR on protozoal communities. There was a significant decrease (P < 0Á05) in the population density of the predominant genus Entodinium and other minor protozoal sp. such as Eudiplodinium, Polyplastron and Metadinium, while the second predominant rumen ciliate Anoplodinium-Diplodinium showed increasing growth. The differences in protozoal response indicated that the effects of CTs were species dependent. As higher-MW CT fractions were confirmed to have the potential in reducing rumen protozoal population in vitro, further study should be conducted to evaluate their effects on protozoal population shift in vivo.
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